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Chapter 1

Executive Summary

The goal of this research is to address the existing need of replacing bulky and often
ineicient antennas currently used for VHF and UHF band operation (30-512MHz) with
particular emphasis on the lower 30-88MHz band. The target antenna size is no larger than 15
inches in diameter but our goal is for a 6” aperture. This is to be achieved by using high contrast
meta-material substrates/superstrate to increase the electrical size of the antenna and by using the
stats-of-art optimization procedure for optimizing the meta-material profile to provide the
opt'mal radiation performance. The objectives of the current task includes (1) validating the
performance of a square spiral antenna predicted from previous work obtained from 6-inch spiral
antenna prototypes; (2) demonstrating antenna miniaturization using uniform LTCC substrates;
(3) developing baseline antenna prototypes loaded with high contrast meta-material
supzrstrate/substrate.

Objective (1) was achieved by measuring and improving the square slot spiral antenna
. design. The significant design improvements include (a) a better slot-line termination which
improves axial ratio and efficiency at lower frequencies; (b) utilization of a broadband balun to
feec the antenna reduces gain measurement error caused by cable radiation; (c) a lossless cavity
mcde suppression technique that improves gain at upper frequencies. Objective (2) was achieved
experimentally and numerically by using a 2” square slot spiral antenna treated with uniform
dielzctric superstrate (see Figure 1.1). Table 1.1 summarizes the initial experimental results for
lowering the -15dB gain point by loading the 2” antenna with various high-contrast superstrates
for different dielectric constants and thicknesses. Note that the frequency for the -15 dB gain
point without material loading is at 895 MHz. However, with a 3mm (g,= 90) dielectric

superstrate this point was brought down to 598 MHz corresponding to a miniaturization factor

(MF) of approximately 1.5.




g | t/; |Frequency with -15dBi Gain, f;, ]| MF=fy/f;, % Reduction

37 10038 763 MHz 1.172 147
90 | 0.059 633 MHz 1414 293 <
90 §0.089 598 MHz 1497 332

Table 1.1 2” square spiral summary for the frequency shift of the -15dBi gain point.
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Figure 1.1 Cavity Backed 2” Square Slot Spiral Loaded with a Dielectric (LTCC)
Superstrate.

To verify that the miniaturization behavior observed in the 2”x2” prototype scales to
larger apertures, a 6”x6” square spiral antenna prototype was fabricated and measured
with/without a high-dielectric superstrate. The results confirmed the performance predicted from
the 2” predecessor and that our LTCC loading is scalable. That is, the measured 6” aperture data
compared well with the 2” scaled gain data. The superstrate used to load the 6” prototype had é
dielectric constant of 30 and a thickness of 0.25”.

To fully investigate the miniaturization of the spiral antenna, simulations were carried out
using the finite element method. It was found that any MF is achievable as long as the reactive
near field region of the antenna is sufficiently loaded by the dielectric material. However, the
amount of material required to do so is impractical to implement because the width of He
dielectric slab needs to be much larger than the diameter of the spiral. That is, the MF was
limited only by practical loading considerations such as width, profile (thickness), dielec’sic
constant, weight and so forth. Using such practical loading profiles, we were able to achieve a
MF of up to 1.8 as shown in Figure 1.2 (lower dashed line). However, maximum utilizatior: of
the dielectric loading can allow for up to a factor of 10 (see solid curve) in miniaturization wien
using €;=100. Further, it is known that to achieve operation down to 30 MHz using a 6” or i5”
aperture, miniaturization factors of 11 and 4.5 are required respectively. To realize such
reductions other approaches were explored such as reactive loading and a more high risk

wadliy e



approach using formal design optimization procedures. That is, additional and significant

miriaturization can be achieved but only through other design approaches thus considered so far.

-

O NS

Miniaturization Factor, MF
w

Figure 1.2 Miniaturization factor as a function of dielectric constant.

The reactive loading approach was pursued using lumped inductive and capacitive
elements to create a slow wave antenna structure. It was found that this method was very
effective in reducing the wavelength of the guided wave within the spiral geometry. However,
this did not directly translate into a corresponding increase in gain at low frequencies as
expzcted. It was observed that for a designed wavelength reduction factor of 3.3 only a MF of
1.2 was achieved in terms of gain. We suspect that this is likely due to the 2D nature of the LC
loading whereas the 3D antenna fields require volumetric loading.

Our previous efforts using formal design optimization procedures indicate that properly
designed dielectrics or a combination of different materials can lead to designs which have
grezter bandwidth and small size for narrowband antennas. Here, this approach was extended to
brczdband antenna design by designing from scratch a 6” antenna for UHF operation (230-
33CMHz). The initial results obtained from optimizing the metallization and material topology
led to0 a flat -4 to -5dB return loss response over the entire 30 % bandwidth. This was a significant
improvement over the initial design, which only had a -4dB response over a small fraction of the
desired bandwidth. Though the obtained return loss behavior does not satisfy the antenna
requirements, the promising initial trials and the confidence obtained in the design methodology

was a significant step and will be pursued vigorously in the future for the section of the antenna

operating in the low frequency region.
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Figure 1.3 Example of volumetric design optimization for UHF antenna (230-330MHz).

In summary, our studies on miniaturization either by dielectric loading or reactive L/C
loading allows us to conclude that wavelength miniaturization can be effectively achieved and
predicted. However, this wavelength reduction does not translate to a corresponding shift of the
gain curve towards lower frequencies. It is our belief that this is due to the 3D nature of the
radiated fields around the antenna which must be loaded sufficiently to achieve greater
reductions. To realize the reductions required for operation down to VHF frequencies, we must
investigate more complex loading profiles and three dimensional antenna designs that will allow

for more effective loading of the antenna fields. The concept is to confine the fields closer to e

antenna so that they can be loaded more effectively using practical material dimensions. Cne

g SO

approach that will be pursued in the next few months is to use the material shape and a varyag
dielectric constant to reshape the fields of the antenna much like a lens (see Figure 1.4). Beiag
able to reshape the fields would allow confinement of the fields closer to the antenna. Anotaer
approach is to address the issue of the low frequency fields extending outside the diameter by
using a non-planar shape. The concept is to alter the planar spiral shape such that low frequency
fields can be confined closer to the antenna aperture without negatively impacting e
performance (see Figure 1.5). This is illustrated in Figure 1.5 and follows the proposed concept

of full volume design of the dielectric and metallization of the antenna.

&

€5, Mo Em

' Spiral

Figure 1.4 Material profile concept for improved miniaturization.
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Figure 1.5 Illustration of the 3D spiral design concept for improved miniaturization. Left:
Originally proposed design. Right: Currently pursued design.

In conclusion, our simple planar material loading of the spiral antenna allowed for a
nearly factor of 2 in miniaturization and this was demonstrated with measurements and
sirlations. For further miniaturization and to take better advantage of lumped element loading
as well as material loading, we plan to pursue volumetric design in accordance with the specific

idezs outlines in this report.




Chapter 2

Introduction

2.1 Objective

The goal of this research is to address the existing need of replacing bulky and ofien
inefficient antennas currently used for VHF and UHF band operation (30-512MHz) witk
particular emphasis on the lower 30-88MHz band. This effort focuses on developing a sinall
antenna capable of operating with all waveforms between 30 MHz and 512 MHz (VHF/UEF)

which would include:
SINCGARS 30-88 MHz V-pol
VHF AM 117-176 MHz V-pol
UHF LOS COMS 225-400 MHz V-pol
HAVE QUICK 225-400 MHz V-pol
UHF SATCOM 240-320 MHz RHCP
EPLRS 450-470 MHz V-pol

The target antenna size is no larger than 15 inches in diameter but our goal is for a 6” aperture.
This is to be achieved by using high contrast meta-material substrates/superstrate to increase the
electrical size of the antenna and by using the state-of-art optimization procedure for optimizing
the meta-material profile to provide optimal radiation performance. The objectives of the current
task includes (1) validating the performance of a square spiral antenna predicted from previous
work obtained from 6-inch spiral antenna prototypes; (2) demonstrating antenna miniaturiza-“on
using uniform LTCC substrates; (3) developing baseline antenna prototypes loaded with high

contrast meta-material superstrate/substrate.
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2.2 Technology Description

2.2.1 UWB Slot Spiral Antenna

The spiral antenna is currently used in a variety of applications that require a conformal
brozdband circularly polarized antenna. The spiral antenna’s planar structure makes is well
= suited for conformal mounting and it is easily capable of achieving a 9:1 bandwidth which makes
it very attractive for broadband applications. In addition, for a given operational frequency f;
the aperture of a spiral antenna is a factor of 7 smaller than that of a dipole which makes it a
corpact design. A spiral antenna without a backing cavity would radiate equally well to the front
or back side. However, improved directivity and unidirectional radiation can be achieved through
the use of a cavity or ground plane. Currently, most spiral antennas that appear in the literature
are circular spirals that are of wire or microstrip type. However, it has been shown that the
square slot spiral has many advantages over the circular configuration and wire type spirals. The
firs¢ advantage is that for a given frequency, fo, the resonant band on a square spiral will occur at
a rzdius that is up to 22% smaller than a circular spiral. That is, for a given aperture size the
square spiral can operate down to lower frequencies. The second reason is that the slot design is
a more efficient radiator than the wire type design due to reduced losses since the fields are
cor:fined within the slot. This also leads to less energy dissipation in the arm termination, a more

uniform pattern and better polarization purity (cross-polarization).

Balun Slot Spiral / Feed

Substrate  Highe ACavIty Bottorz'l
Lozding

Figure 2.1 Cavity Backed 18” Circular Slot Spiral.
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2.2.2 Antenna Miniaturization using Materials

The purpose of antenna miniaturization is to make the antenna operate at lower
frequencies by effectively increasing its electrical size but not its physical size. That is, an
antenna, which is typically too small to operate at a given frequency, can do so if it is properly
loaded with materials. Miniaturization using high-contrast materials can be explained by
showing the propagation velocity of currents along the antenna arms. Essentially, loading the
antenna with material slows down the current’s propagation on the antenna by reducing ihe
effective wavelength in the antenna structure. Therefore, the phase variation along the antezna
arm becomes faster. This makes the antenna appear electrically larger than it physically is and,
as a result, the initial operating frequency of the antenna is lowered.

There are other approaches that can be used to miniaturize an antenna such as reactive
loading. However, material loading has a distinct advantage which is that it allows the loading of
the antenna fields using a volume of space. Magnetic material can be used in conjunction with
dielectric material for improved impedance matching and miniaturization, but the disadvantage is
that available magnetic materials are narrowband and require a biasing field to limit losses. Thus,

for broadband antenna designs, one is limited to using dielectrics only.

2.3 Technical Issues

2.3.1 Antenna Design

The presence of high-contrast material affects the radiation characteristics significartly
by changing the impedance, bandwidth and radiation patterns. Leaky waves and surface waves
can also be introduced when high-contrast or thick loading is used. Using a high-coni zst
material loading without paying attention to such tradeoffs and not using proper antenna des'gn
modifications could result in disappointing performance due to the adverse effects introducec 3y
the material. Physical constraints that require a low-profile antenna makes it even more
challenging to reach an optimal tradeoff design.

The termination of the spiral arms ultimately determines the trade-off between ‘he
radiation efficiency and axial ratio/cross-polarization. Resistive terminations are necessary tc

reduce currents reflected from the end of the spiral arms, which in turn improves bandwidth znd

polarization at the expense of antenna efficiency. Material loading of the spiral naturally leads to
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stronger currents reaching the end of the spiral arms and therefore a reduction in efficiency.
Therefore, proper antenna design and material loading topology must be investigated to address
this issue.

A good impedance matching scheme is also important for a miniaturized ultra-wide band
(U\WB) antenna. The impedance is approximately a constant real number above the first
. rescnance and becomes mainly inductive (e.g. slot spiral) or capacitive (e.g. wire spiral) at low
frecuencies. Without a proper matching network design, most of the power from the
transmitting source will be reflected back to the source from the antenna input terminal even
though the antenna itself should be capable of a higher gain (Note that the gain is defined with
respect to the power “accepted” by the antenna.). A small UWB balun design is another
chz'lenge for feeding a UWB miniaturized antenna. Such a balun must be able to operate over a
wice range of frequencies to prevent squinted patterns and must not create unwanted radiation at
low frequencies. Small broadband transformer baluns are available from DC to 700 MHz. A
special design is needed to extend the upper frequency beyond 1 GHz.

2.3.2 Loading Scheme

This is an important trade-off between miniaturization and practical considerations (cost,
size, weight, etc.) and needs to be investigated further. The optimal selection of zype,
corposition and shape of the loading material also needs to be determined. Although, the idea of
usizg a dielectric loading to lower the antenna’s operating frequency has existed for a long time,

-it usually involved low dielectric constant and a homogeneous layer. The lack of proper material
and efficient optimization tools were obvious limitations. Most conventional high dielectric
ma‘zrials are ceramics that require high firing temperature and are difficult to machine after
being fired. This makes it difficult to design a special dielectric profile required for UWB and
high-dielectric antenna designs. For instance, the resonance region on a spiral antenna at
diffzrent frequencies varies spatially. As the operational frequency decreases, the “resonant ring”
moves outward away from the center. This suggests that a dielectric constant of the superstrate
shculd be a function of distance from the center and should increase as the distance increases

from the center. Such an approach is desirable for many reasons such as cost, weight,

imredance, etc.




2.4 Technical Approach

To achieve the maximal miniaturization and antenna performance, the baseline
performance of the previous state-of-art square spiral antenna design was revalidated analyticzlly
and experimentally. Careful design study and improvements were conducted to further enhance
the antenna’s performance before applying the high-contrast material treatment, with specific
emphasis at low frequencies. Low loss, high-contrast dielectric loadings with simple dieleciric
profiles were then added to the antenna to demonstrate the concept of antenna miniaturization
using high-contrast materials. The impact of such loading was investigated using both numer:cal
simulations and measurements of the prototypes. The study finally led to a comp.zte
understanding of the miniaturization limitations associated with simple dielectric profiies.
Insights were obtained from these initial investigations and such insights will provide imporiant

directions towards improving the amount of miniaturization.

16



Chapter 3

Baseline Design — Archimedean Slot Spiral

Antenna

There are four main issues that are associated with the design of a spiral antenna. The
first issue is making the antenna an efficient radiator by proper design of the spiral geometry.
The other issues relate to the cavity backing for unidirectional radiation, the balun for broadband
impedance matching and the arm termination to reduce reflections from the end of the spiral arm.
The major challenge associated with the later issues is making them as broadband as the spiral
antenna itself. The following two sections will discuss these issues and the methods used in the
statz-of-the-art design to address them. In the last section we then discuss improvements to the

design and modifications that were necessary for the material loading of the spiral antenna.

3.1 General Spiral Antenna Design Issues

The operation of the spiral antenna is usually presented in terms of “radiation band”
thecry which states that the spiral predominately radiates from annular bands whose
circumference is an integer multiple of a wavelength. Radiation occurs from these regions
beczuse the currents flowing in adjacent arms naturally become in phase leading to
cokerent/constructive radiation from the adjacent currents on the arms. Outside these regions the
curzents are not in phase and therefore the radiated fields tend to completely cancel each other.
Tyzically, the two arm spiral is excited so that each arm has a current that is 180 degrees out of
phese with respect to the other. For such an excitation the spiral can only radiate from regions
where the circumference is an odd integer multiple of a wavelength. Specifically, radiation from
the I1A-circumference region will produce an omni-directional radiation pattern with the

meximum at boresight. However, because the spiral is a traveling wave antenna it is not a 100%




efficient radiator which means that not all of the energy that enters the 1A-circumference region
will be radiated. Some energy is still confined to the antenna and continues to travel outwazds ~
where it can radiate from higher order regions (3A, 54, etc.) if they exist or it can reflect from the
end of the spiral arm. Radiation from higher order regions is undesired since it produces a nui: i
the radiated pattern at boresight and a maximum at approximately 37 degrees from boresight.
Therefore, any radiation from higher order regions will add to the radiation from the 1A region
which will lead to frequency dependent pattern distortion. Additionally, if the traveling wave is
allowed to be reflected from the end of the spiral arm it will reverse direction and begin to travel
inwards towards the center of the spiral. As it travels inward it will pass through the iA-
circumference region for a second time but is traveling inwards instead of outwards. Thereicze,
the resulting radiation is cross-polarized to the first which will result in a total radiated field that
is elliptically polarized. To prevent radiation from higher order regions and re-radiation from the
1A region the spiral must radiate as much energy as possible in the 1A-circumference region znd
any energy left over must be absorbed by the arm termination. For an Archimedean spiral tais
means that the growth rate and arm (conductor) width must be properly chosen and if necessary
varied to maintain sufficient attenuation of the traveling wave through the 1A region. Tais
approach is sufficient to prevent radiation from higher order regions. However, at i{}W"
frequencies where the 1) region is located near or overlaps with the end of the antenna it is not
enough. Thus, a broadband termination is needed to deal with the energy reaching the end of the
spiral arm.

Since the Archimedean spiral is a quasi-frequency independent antenna [1] its bandwidth
is theoretically only limited by is maximum size and the detail of the feed region. Therefore, the
bandwidth of the antenna is typically limited by the method used to feed the antenna and the
method used to make the spiral a unidirectional radiator. Therefore, the challenge is to make ‘he
feeding method and the spiral backing as broadband as the spiral itself.

The challenge with designing the feed (balun) is that it must concurrently have cons:ant
impedance over the entire band while also being well balanced to prevent squinted patterns znd
radiation from the feed structure which could disturb the input impedance and radiation patiem.
Also, if the balun is to be integrated onto the spiral aperture it must not disturb the antenna fie:ds.

There are many baluns could be used to feed the antenna such as the infinite coaxial balun,

integrated microstrip line, Marchand balun, impedance transformers, etc.. In choosing a ba:un .. -
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the most important characteristics are its bandwidth, loss and physical profile. Essentially, it is
des’red that the balun be very broadband, low loss and have a low profile.

The spiral antenna radiates a symmetric pattern equally well to the front and to the back.
For most applications this is undesired since the antenna will be sensitive to anything placed
behind it. Therefore, the antenna is made to radiate in one direction through the use of a ground
plare or cavity backing. The use of a cavity allows the spiral to be mounted on or in structures so
that unidirectional radiation is achieved. The use of a cavity is preferred since a finite size
ground plane can be excited by the spiral and thus radiate to the backside much like a patch
antznna. Additionally, if the spiral is to be conformally mounted the use of a cavity is
unzvoidable. The issue with any backing is to make it as thin as possible without negatively
impacting the performance of the spiral. If the depth of the cavity is too shallow (<A/15), a
red:ction of gain will occur due to excitation of a parallel plate transmission line mode.
Bxcitation of this mode causes most of the energy to be coupled to this mode and guided to the
enc of the spiral arm where it will be dissipated in the termination thus reducing the gain.
" Thezefore, a sufficient cavity depth is required at low frequencies to prevent this gain reduction.
However, this depth usually becomes large at high frequencies leading to undesired cavity
rescnant modes which can be excited and cause the gain to drop near resonant frequencies, thus
lirz%ing the bandwidth of the spiral. The larger the cavity is made the smaller the bandwidth will
be because the cavity mode resonances will occur at a lower frequency. Therefore, there is a
trade-off between how deep the cavity should be to improve the low band response and how
shallow it should be to limit the affects of cavity modes at high frequencies. Since the
performance at low frequencies is very important, it is desired to make the cavity as deep as

possible and to treat the cavity using techniques that will limit the cavity mode effects.

3.2 State-of-the-Art Baseline Design

In this section the methods used to address the issues presented in the previous section
wil: be discussed for the state-of-the-art design shown in Figure 2.1. As it can be seen from
Figure 2.1 the state-of-the-art Archimedean spiral design has multiple growth rates instead of one
sme!l growth rate which is typically associated with Archimedean spirals. The purpose of the
mu’tiple growth rates is to provide sufficient attenuation of the current through the 1A region for

a wide range of frequencies [1]. In [2] it was found that for Archimedean spirals a smaller




growth rate improved high frequency performance whereas a larger growth rate improved the

low frequency performance. Therefore, the growth rate should be varied across the aperture to
achieve optimal performance.

To deal with any energy reaching the end of the spiral arm a broadband Klopfens:zin
resistive taper was employed. This termination greatly reduces the cross-polarization and “he
axial ratio of the antenna by slowly attenuating the current as it reaches the end of the spiral arm
[3]. This is achieved by using shunt resistive elements placed across a given length of the siot.
Since the spiral cannot radiate efficiently from the region which is terminated, the length of e
taper needs to be minimized. For this reason, the Klopfenstein taper is used since it provides the
minimum taper length necessary to achieve a given reflection coefficient. This termination

method is shown in Figure 3.1 where it is circled in red.

o oo 5

Kiopfenstein
Resistive Taper

Infinite Coaxial
Balun

Figure 3.1 Square spiral illustrating the resistive termination and infinite coaxial balun
used in the state-of-the-art design.

The current design uses an infinite coaxial balun because of its broad bandwidth and ease
of implementation. Additionally, it can be mounted to the surface of the antenna witkout
affecting the antenna fields (i.e. it has a very low profile). The infinite coaxial balun consists of a
piece of coaxial cable that is soldered to the surface of the spiral along one of the spiral arms as
shown in Figure 3.1. The balun then feeds the spiral at its center by exciting the two arms o1 e
spiral equally and 180 degrees out of phase. This is done by stripping away the outer conducior
in the feed region and extending the center conductor across the slot where it is soldered to the
other arm. A shorted dummy cable is usually soldered to the other arm to provide both physical
and electrical symmetry.

To address the cavity issue the cavity is made as deep as possible and a thin layer of

absorber is used to line the walls of the cavity in order to eliminate cavity modes. Typiczily
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many layers of absorber are used to attenuate the cavity. This leads to an attenuation of the field
radiated from the backside of the spiral which also reduces the efficiency of the antenna.
Furthermore, additional efficiency reduction is possible by the interaction of the antennas
reactive near fields with the absorber if it is placed to close to the antenna. By using only a thin

layer or layers of absorber the current cavity treatment effectively eliminates the cavity modes
and minimizes reduction in the efficiency.

3.2.1 Square Slot-line Spiral Antenna Performance Verification

The gain of a previously constructed 6”x6” square slot-line spiral antenna prototype (see
Figure 3.2) was measured at the OSU/ESL Compact Range facility for baseline performance
" verfication. The resultant gain is very much the same to previously reported data. We remark the

special meandered spiral arm design was used to lower the operational frequency.
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Figure 3.2 Comparison of gain measured at OSU Compact Range and previous data.

A numerical model based on the finite element method (FEM) code developed previously
[4-7] was created for a 2”°x2” slot-line spiral antenna design as shown in the insert of Figure 3.3.

As seen, the calculated gain compares well with that obtained from the OSU/ESL Compact

Rarge with an excellent agreement. This data verifies the accuracy of the numerical code and

mezsurement results.
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Figure 3.3 Measured and calculated gain for a cavity-backed 2”x2” slot-line spiral

3.2.2 Square versus Circular Spiral -
The current state-of-the-art of small spiral designs using reactive loading is depictec in

Figure 3.4. Table 3.1 summarizes their gain performance by providing the frequency at which

the antenna first achieves a specified level of gain. Notice that a variable growth rate and

meandering was used to improve the performance at low frequencies for these antencas.

Nonetheless, the square version of the circular spiral performs better at low frequencies.

e v
Figure 3.4 A Cavity Backed 6” Circular Slot Spiral with Meandering and the Equivalext
Square Version

22




Gain (dBi) -15 -10 5 0
forcurar (GHz) | 0438 | 0600 | 0.750 | 1.015
fsouare (GHZ) | 0339 | 0500 | 0.643 | 1.122

Tzble 3.1 Measured boresight gain for a 6” circular slot spiral with meandering treatment
and a 6” square version shown in Figure 3.4.

3.3 Design Improvements

The purpose of this sub section is to discuss the modifications made to the balun and arm
termination to facilitate the loading of the antenna and a lossless cavity mode suppression

tectnique that was developed.

3.3.1 Balun

In preparation for the dielectric loading, a new feeding scheme was needed because the
previous balun (shown in Figure 3.1) occupied the surface of the spiral which must be left bare
for superstrate loading. To free the antenna surface from this spiraling cable, a 0°-180°
brozdband hybrid was employed instead. This hybrid uses a standard coax at the input, and its
output is in the form of two coaxial cables with their outer conductors soldered together as
shown in Figure 3.5. The hybrid serves to make the center conductors of the output cables
oprosite in polarity whereas the outer conductor provides the means for shielding, thus
suporessing secondary radiation. Using this hybrid, the antenna can be fed from the substrate
side through the use of two vias located on opposite sides of the slot at the center of the spiral
(fecd point). Therefore, the surface of the spiral is made free from the feeding structure allowing
for loading of the spiral using a superstrate. In addition, during our investigation, it was found
that the feeding cable arrangement adopted previously (see Figure 3.1) caused unstable gain
values at very low frequencies. We suspected that this was caused by cable radiation and
scattering. This problem has been overcome with the new balanced feeding arrangement via a 0°-
180° Hybrid located at the spiral center. This is demonstrated by comparing the measured gains
of the 2”x2” spiral antennas using these two different feeding arrangements as shown in Figure
3.6. The abnormal gain variations at low frequencies have been greatly reduced. The higher axial

ratio (resulting from the cable scattering/radiation) is also significantly improved as

dernonstrated in Figure 3.7.
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Another distinct advantage of the hybrid balun in that it does not suffer from cable icss.
This is because the hybrid balun only requires a section of cable that is slightly longer than ‘be
depth of the cavity which is only a couple of inches. On the other hand, the length of the cadle
required for the coaxial balun it typically on the order of a couple feet and will therefore have

significantly more cable loss.
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Figure 3.6 Measured Gain of the 2”x2” spiral antennas fed with the previous infinite baiun
and with the new 0°-180° hybrid balun.
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Figare 3.7 Measured Gain of the 2”x2” spiral antennas fed with the previous infinite balun
and with the new 0°~-180° hybrid balun.

3.3.2 Arm Termination

The previously employed termination was based on a Klopfenstein resistive taper which
use’ multiple chip resistors placed along a properly chosen length of the arm (see Figure 3.8). As
me=tioned previously, this served to slowly attenuate the current before it reached the end of the
spiral arm. It has been shown to be very effective in minimizing reflections from the end of the
spiral arm without a priori knowledge of the slot impedance. However, this termination occupies

- =@ significant length of the spiral arm which limits a portion of the aperture’s utility and the
dielectric loading of that same portion. Leaving any portion of the antenna unloaded that is
associated with radiation from low frequency components is not desired since it would reduce
the amount of miniaturization. An improved (not optimal) alternative would be to use a single
terrnination resistor located at the end of the slot line. This new arrangement is shown in Figure
3.8 and it allows for greater utilization of the spiral aperture. Additionally, as shown in Figure
3.9, it provides better axial ratio (polarization purity) at low frequencies compared to the
previous termination method. This can also be seen from Figure 3.10 which shows the
decomposition of the gain into its left hand circular polarization component G, and the right
har.2 circular polarization component Gr for the two termination cases. For the winding sense of

this spiral the Gy, component is the desired polarization and the Gg component is the component




which contributes to cross-polarization. It is evident that the single resistor termination improves

the cross-polarization at low frequencies and there by improves the axial ratic.

Resistive Taper

Figure 3.8 Single-resistor vs. multiple-resistor termination of spiral arms.

; ~— Resistive Taper
[} . menbeas === Single Chip Resistor 1

Axial Ratio (4B}

frequency (GHz}

Figure 3.9 Measured axial ratio comparison of single-resistor termination vs. tapered
resistor termination.
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3.3.3 Cavity Mode Suppression

Several techniques for suppressing cavity resonances were investigated previously [2].

One of them is to add absorber lining inside the cavity to damp the resonance. This approach was
shown to be quite effective for suppressing the undesired cavity modes. However, it also reduces
antznna efficiency (and therefore gain) in the process. A new cavity mode suppression method
was investigated without the lossy wall absorber. Our approach introduces a layer of radial wires
intc the cavity at an optimal distance from the antenna aperture as shown in the inset of Figure
* #3.11. Away from the center, the spacing of the radial wires is large enough to have no impact on
the low frequency operation which effectively makes the cavity deeper. Near the center, the
depth of the cavity is reduced to where the radial wire is located. The improvements obtained by
using this new approach can be clearly seen in Figure 3.11 (red curves). From this figure it is
evicent that this new technique works by shifting the cavity modes to higher frequencies instead
of attenuating them. Thus gain reduction does not occur at high frequencies as seen with the
abscrber treatment. This is readily observed from the region in Figure 3.11 which is highlighted

by the dashed red circle.
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Figure 3.11 Measured gain of a 2”x2” spiral with and without cavity treatment.
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Chapter 4

Antenna Miniaturization using Dielectrics

The purpose of this chapter is to provide an understanding of how the spiral antenna can
be miniaturized using materials and the limitations of miniaturizing the spiral antenna using
sirzzle material profiles or topologies. The first section will discuss the concept of miniaturizing
the spiral antenna and the following section will briefly discuss the criteria used to measure the
miriaturization of a broadband antenna. The remaining sections will discuss the miniaturization,

issuzs and limitations of using dielectric materials.

4.1 Concept

The concept of miniaturizing the spiral antenna is readily explained by the radiation
mechanism of the spiral antenna. The spiral antenna radiates because currents flowing in
‘adjzcent arms naturally become in phase in regions (active region) where the circumference is an
integer multiple of one wavelength. In this region, the coherent phase condition that exists
betv/een the currents in adjacent arms leads to strong constructive radiation. For a circular spiral
this occurs at a diameter D that is an integer multiple of A/x and for the square spiral when the
diameter is around A/4. Therefore, the active region for high frequencies is located near the
certer of the spiral and as the frequency is reduced the active region moves outwards from the
center. Since the location of the active region is frequency dependent it is therefore dependent
upca the wavelength in the antenna structure. Thus, material loading of the antenna can control

the location of this active region for a given frequency as illustrated by the following equation

A
p=le__H (1.1)

e
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where . and . are the effective relative permeability and permittivity. From equation (1.1) I is
apparent that material loading results in a reduction of the active region diameter by shifting “he
active regions towards the center of the spiral. The amount of shifting depends upon the effective™™
dielectric constant obtained by loading the antenna. If the antenna were loaded by an infizite

half-space or full-space the effective dielectric constant is as follows

. {J(er +1)/2 , for infinite half - space 2

\/Q , for infinite full - space

However, for finite loading, only a fraction of one of these cases is obtainable and the amoux: is
dependent upon the configuration of the loading such as the thickness, width, shape and so fo:th.
Specifically, the combination of the loading geometry and the antenna near field distribution

determine the effective dielectric constant.

One challenge associated with miniaturizing any broadband antenna is defining the
criteria used to measure the amount of miniaturization. The reason for this can be clezzly
illustrated by considering a narrowband antenna. For narrowband antennas determining e s
amount of miniaturization is very straightforward if the resonant frequency is used as the
reference point. This is because the resonant frequency can be easily defined in terms retumn loss,
gain or input impedance and, as a result, it is easily distinguishable. Therefore, the effecis of
material loading are easily observed by comparing the location of the resonant frequency for the
loaded and unloaded cases.

For broadband antennas the choice of a reference point is not as obvious as illustratec in
Figure 4.1. This is because broadband antennas lack a distinguishable frequency that can be
consistently characterized in terms of various antenna parameters. For the spiral antenna, cne
would ideally like to use as the reference point the lowest frequency at which the first active
region can be supported by the spiral diameter. However, the parameters such as gain, return i3ss
and impedance that can be used to characterize this point are very sensitive to changes in e
spiral’s geometry even if the diameter of the spiral is held constant. Therefore, using this poin: to
measure the loading affect is not an optimal choice. What is needed is a reference point tzat

depends on as few factors as possible. One such point is the frequency at which the spiral
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antenna first achieves a gain of -15dBi. The only factors that influence its location besides
ma:zrial loading are the physical size of the spiral, radiation efficiency (arm termination), and
misatch losses. As long as the arm termination remains the same for all cases and mismatch
losses are minimized by proper matching then the only factors that influence this point are the

loaling affects and physical size just as desired. Therefore, the -15dBi gain point will be used as

the reference point from here on.
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Figure 4.1 Illustration of the difference between the miniaturization criteria used for
narrowband and broadband antennas.

4.3 Dielectric Loading Configuration

In this section the affects of loading the square spiral with a uniform square dielectric
. <31t will be characterized. First, only a single side is loaded and the impact of the slab thickness
and width are studied. Then, the effect of loading both sides of the antenna is examined. This is

followed by some initial experimental results obtained from loading the spiral (2” and 6” square

spizls).

4.3.1 Single-Sided Loading

The following figure shows a cross section of the loading geometry that will be

corsidered in this sub section. It consists of a 53mm diameter square spiral in free space which is
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loaded with a square slab of dielectric material of thickness t, width L and uniform dielec:ric

constant &,.

Spiral

Figure 4.2 Finite Single-Sided Loading Geometry.
To study the impact of the slab thickness on the shifting of the -15dBi gain point the width of ‘he
slab is held constant by setting it equal to the diameter of the spiral. The thickness of the slab was
then varied for two cases where the dielectric constant was 9 and 16 respectively. The
miniaturization factor (MF) associated with the -15dBi gain point was then calculated by using

the following equation:

MF _ f;mloadeé ~15dBi {A ”>
2.3

ﬁoaa’eff ~15dBi

EE

The results are shown in Figure 4.3 where the horizontal dashed lines represent the MF
achievable for a dielectric constant of 9 (blue) and 16 (green) if the antenna was loaded with an
infinite half-space. As it can be seen in Figure 4.3, there is an initial rapid increase in the MF for
both cases but convergence is quickly achieved as the thickness is increased further and stops
well short of the maximum achievable miniaturization. It is apparent from this figure that once
the thickness is thick enough a further increase in thickness, no matter how large, will resul: in

little further miniaturization.
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Figure 4.3 MF as a function of the material loading thickness in guided wavelengths A,.
The reason for this is that the low frequency fields of the spiral antenna extend outside
the aperture of the antenna as depicted in Figure 4.4. Therefore, no matter how thick the
. aSuperstrate is, the fields in this region (circled in yellow) never see the dielectric material and
thus limit the amount of miniaturization. The only way to increase the miniaturization for a given

dielzctric constant is to load these fields by increasing the width of the slab.

€0, Mo

Spiral

Figure 4.4 Hustration of Electric field lines of the spiral antenna.

n ar Figure 4.5 shows the results obtained by increasing the width of the slab for a thickness
of G.212,. From this figure it is evident that the miniaturization is increased further as the width

is increased thereby confirming the assumption that the low frequency fields extend outside the
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aperture of the antenna. Therefore, it can be inferred that the maximum MF for any dieleciric
constant is achievable as long as the fields of the antenna are loaded sufficiently. However,
sufficient loading of the antenna fields in this manner is not practical since it increases ‘he
overall diameter of the antenna. Consequently, it can be concluded that the achievable MF for a
specified dielectric constant is constrained by the width of the antenna and is limited by ihe
thickness which can be tolerated.

The practical limitations on MF for a given thickness and dielectric constant wili be
discussed in section 4.5. It should be noted that having the antenna diameter to be the same as e
slab width is always advantageous unless an extremely high dielectric constant is used (>2<0)
which is not preferred at this time due to reasons that will be discussed in more detail in sect:on
34.
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Figure 4.5 Impact of superstrate width on MF.

4.3.2 Double-Sided Loading

In the previous section the results for loading only a single side were presented. However,
for a given thickness t, is it more advantageous to load only one side with a slab of thickness t or
to load both sides each with a slab of thickness 0.5t. To answer this question both sides of ihe
spiral antenna were loaded with a square slab. The results were then compared to those obtaized® -
from the loading of only a single side by considering the total thickness of the material usec to

load the antenna as illustrated in the following figure.
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Figure 4.6 Cross section of single-sided and double-sided loading.

Figure 4.7 shows the comparison between loading only a single side (blue) and loading
bot”: sides using a dielectric constant of 9. It is observed that for the same total thickness more
miriaturization is achieved when both sides of the antenna are loaded. This observation is true as
long as the total thickness is greater than 0.025Ag. Therefore, it can be concluded that loading

" ®bot: sides of the antenna maximizes the amount of miniaturization if the material is sufficiently
thick. This is due to the fact that for a given total thickness one can effectively load more of the

antenna fields by loading both sides of the antenna.

4

i [—&- single Side Loading, s =9
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Figure 4.7 Comparison of the MF for single-sided and double-sided loading.

4.3.3 Initial Experimental Results for Dielectric Loading

oo To experimentally demonstrate the concept of miniaturization using high-contrast
material loading, a 2” square spiral antenna prototype was initially used due to its convenient
frecuency range and size. High dielectric layers with thicknesses of 2mm or 3mm and dielectric
corstants of 37 and 90 were individually placed on top of the spiral antenna as illustrated in
Figure 4.8. The gain of the dielectric loaded antenna was measured and compared with that

obtained from the no-loading case as shown in Figure 4.8. It is important to mention that no
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resistive termination was used in this trial and the antenna is not well matched. Thus, we obsezve
variations in the gain curve due to the reflections from the end of the spiral arm.

Table 4.1 summarizes the findings of the frequency shift at the —15 dB gain point. Note
that the -15dBi gain point for the unloaded spiral is at 895 MHz. The introduction of a dieleciiic
superstrate on the slot-line spiral clearly moves the gain curve toward lower frequencies. The
amount of shifting is also greater for the higher dielectric constant (i.e. 90) and larger thick:sss
(3mm). The largest MF of 1.5 is obtained from loading the antenna with a dielectric constan: of
90 and thickness of 0.089A;. Such a reduction can be predicted from the analysis and wili be

shown later.

~— Unloaded 1
,,,,,,,, Loaded: 5= 37.t=2mm
i1 ... Loaded: s!=9§.£=2mm 1
: : : S R Loaded: 5 = 90,t=3mm
_3§ i ; E ; I 3 i 3 £l
05 06 07 08 0% 1 11 1z 13 14 15
frequency {GHz)

Measured Realized Gain (dBl)

Figure 4.8 Measured gain of a 2” square spiral with and without a dielectric superstra’z
(measured with cavity without termination resistor).

g | tiAg | fL(-15 dBi) | MF=fy/f, | % Reduction

37 J0.038} 763 MHz 1172 14.7
90 ]0.059) 633MHz 1414 283
90 ]0.089] 598 MHz 1497 332

Table 4.1 2” square spiral summary for the frequency shift of the -15dBi gain point.

To verify that the miniaturization behavior observed in the 2”x2” prototype could be
obtained for larger apertures a 6”x6” square spiral antenna prototype was also fabricated and
tested for gain with and without the high-dielectric superstrate loading. The 6™ spiral prototype is )

the same design as the 2” prototype with additional turns to make it 6” in diameter.
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Figure 4.9 shows a comparison of the measured gain values for the unloaded case (blue
curve) and the loaded case (green curve) with uniformly thick superstrate of . =30. The loaded
case has lower gain at higher frequencies (0.5 GHz) due to additional impedance mismatch loss
crezted by the material loading. However, note that the same reduction of the -15 dBi gain point
was still achieved. In addition, it was found that the gain obtained from the 6”x6” dielectric
loaded prototype agreed well (particularly in the roll-off region) with that observed in the 2”x2”
prototype of a similar dielectric loading. This is shown in Figure 4.10 where the dielectrically
loaded 6” prototype is being compared to the loaded 2” spiral by scaling the 2” spiral results in

frecuency by a factor of 3.

10 ! T .' : ; '

3
]
Boresight Gain {dBi)

--------- 5:-- — Without Superstrate
V[ === With Superstrate
1 L L

0.4 0.5 0.6 07 0.8
frequency (GHz)

Fig:re 4.9 Measured gain of 6” square spiral with and without a dielectric superstrate (¢, =

Boresight Gain (dBi)
o

 [— 6 (5=30, =12.7mm)

i | ==~ Predicted from 2" Results (s'=37.t=2mm)

frequency (GHz}
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Figure 4.10 Comparison of gain measured from 6”x6” prototype with the frequency-scz’zd
gain measured for a 2”x2” prototype.

4.4 Dielectric Loading Issues

As shown in Figure 4.9, dielectric loading not only shifts the gain curve to lower
frequencies but it will also increase the mismatch losses at high frequencies which will recuce
gain if not properly compensated. This section will discuss the issue of input resistance reduction
that is associated with dielectric loading. In addition, solutions to address this problem wili be

discussed and demonstrated.

4 4.1 Input Resistance Reduction

Since the spiral radiates from different regions depending upon the frequency, unjfezm_
dielectric loading results in a non-uniform loading of the individual frequency com;}one;:isjw -
Essentially, the electrical thickness of the superstrate is much larger for the higher frequencies
than the lower frequencies. Therefore, the higher frequencies are being scaled more and, as a
consequence, their impedance is reduced more than the low frequency components. This is
undesired and unnecessary since it is the low frequency components that we wish to scale.

A consequence of dielectric loading there is a reduction in the input resistance of ihe
antenna. As shown in Figure 4.11, increasing the thickness of the dielectric slab leads to further
reduction in the input resistance. In fact, the input resistance asymptotically approaches a vaiue
which is equal to the unloaded value divided by the square root of the effective dieleciric
constant. From this observation it can be inferred that loading both sides of the antenna will
result in even more reduction due to the larger effective dielectric constant that is obtained by the
loading of both sides. From Figure 4.12 it is evident that double-sided loading results in more

reduction.
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The reduction in the input resistance is a problem for several reasons. First of all, it will

reduction or the geometry of the spiral is changed to increase its impedance in order to counter
the reduction. For the spiral, it is not desired to alter the impedance significantly because this will

1

'ead to an increase in mismatch losses unless the impedance of the balun is lowered to match the



reduce the amount of attenuation of the traveling wave through the first active region whick: is
undesired. Therefore, changing the impedance of the spiral can only provide so mwch
compensation. Consequently, it the loading reduces the impedance significantly then the hytzid
balun will have to be redesigned or the profile of the material could be altered to help alleviatéw )
the problem. The second reason why a drop in the input resistance is an issue is because of its
relation to the radiation resistance of the antenna. While the input resistance is not equal to the
radiation resistance, it is directly related to it. Therefore, a decrease in the input resistance will
lead to a decrease in the radiation resistance which determines the amount of power radiatec by
the antenna. The larger it is, the more power the antenna can radiate. However, the radiation
resistance does not affect the gain of the antenna since the gain is a measure of how efficiently an
antenna can spatially focus energy. Therefore, a lower radiation resistance means that the
antenna will deliver less power to a receiving antenna as long as the gain and the power
delivered to the antenna remain unchanged. This may or may not be an issue if the power
delivered to the antenna can be increased as desired.

Whether or not the drop in radiation resistance is a problem, the use of high contrast
materials presents a challenge from an impedance matching point of view. However, this
becomes less of a problem if the antenna is loaded in an intelligent way such that the impedance
reduction is minimized. One possible approach is to use a tapered profile (thickness or dielectric.=» «
constant) of the dielectric material. Other possible solutions to this problem are using magnetic
material to increase the impedance and possibly the inclusion of lumped inductive loading to
emulate the effects of magnetic material. All of these methods will be discussed in the following

sub section starting with dielectric tapering.
4.4.2 Solution Methods for Input Resistance Reduction

4.4.2.1 Dielectric Tapering
The concept of dielectric tapering is to maintain the same electric thickness of the loading

across the aperture of the spiral. That is the thickness or dielectric constant of the superstraic is
varied such that the electrical thickness is the same across the aperture of the spiral. Thus,
uniform loading is achieved and the reduction of the input resistance is minimized but not

eliminated. An example of dielectric tapering is shown in the following figure. In this figure the
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die’sctric constant of the slab has been varied linearly starting with a dielectric constant of 3 at

its center and ending with a dielectric constant of 9 in the outer region.

Figure 4.13 Top view of a dielectric slab which has a linear tapering of its dielectric
constant.

A square spiral antenna was loaded using a uniform dielectric slab with &=9 and the
dielzctric slab shown in Figure 4.13. Figure 4.14 shows a comparison of the input resistance
reduction for these two loading cases as a function of thickness. From this figure it is evident that

.« ape dielectric tapering treatment results in less reduction of the input resistance for the same
thickness. However, this treatment is only useful if the same frequency reduction can be
ach’eved as in the uniform case. As shown in Figure 4.15 the gain curves for the uniform slab
and the dielectric tapered slab are almost identical. Therefore the same reduction in frequency is

achicved if the tapering is implemented properly.

100 T T T I I I T T T
: : : -8~ Uniform Superstrate, ¢ =9
Y N S . C &
: : : © Linear Dielectric Taper
e
B RS CTTEEREEEEEEEE R r------i ------ -.----»--:-------E- ------------ -
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Figure 4.14 Effect of dielectric tapering on input impedance reduction.
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Figure 4.15 Effect of dielectric tapering on miniaturization.

4.4.2.2 Magnetic Material Loading for Impedance Improvements

Since dielectric tapering still results in a reduction of the input resistance it is desirec to
investigate methods that would maintain the input resistance. The use of magnetic mate-ial
provides a means for maintaining the input impedance by essentially counter acting the effects of
dielectric material. This is illustrated in Figure 4.16 where it can be seen that using the same p;
and & to load then antenna results in less reduction than dielectric tapering alone. However, there
is still a reduction in the input resistance which implies that the fields of the spiral antezna
interact differently with the magnetic and dielectric material. Basically, the magnetic material
doesn’t interact as strongly with the spiral antenna as does the dielectric material. Therefore, to
maintain the input resistance it will probably be necessary to use a higher y, than .. However,
further investigation is needed to not only confirm this but understand how the two types of

material interact with the spiral antenna. . o
' L
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Figure 4.16 Influence of magnetic material loading on input impedance.
As mentioned previously, the problem with magnetic material is that it is currently
narrowband and lossy particularly at high frequencies. Thus, its application is not practical
. elnless the frequency is less than 100 MHz. Therefore, magnetic material has the potential to
elirzinate the input resistance reduction but it is not a practical option at this point in time. The
best choice and most practical approach is dielectric tapering and an experimental example of its

effectiveness will be shown in the following sub section.

4.4 3 Initial Experimental Results for Dielectric Tapering

As mentioned previously the loading of the 6” prototype suffered a decrease in gain at
high frequencies due to increased mismatch losses. This is clearly illustrated in Figure 4.17
which shows the measured return loss of the 6” prototype for both the unloaded and the loaded

case. From this figure it is apparent that the uniform dielectric slab causes a significant

deterioration in the return loss.
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Figure 4.17 Measured return loss (dash-dot line) and without (solid line) a UNIFORM
superstrate (,=30).

To verify experimentally that the concept of dielectric tapering can be used to improve
impedance matching, the uniform dielectric slab used to load the 6” spiral was altered by
tapering the thickness of the slab. The slab was tapered by first cutting the square section into
four triangular pieces using a diamond blade. Then, each smaller piece was further machined
using a carbide milling bit into a section having a triangular cross section as shown in Figure
4.18. The four pieces were finally assembled and placed on the square slot spiral aperture using a
low loss epoxy. As shown in Figure 4.19, the tapered superstrate significantly improves ihe
return loss by limiting the amount of input impedance reduction as demonstrate by the previous
simulations. Nonetheless, it has not eliminated it because the presence of the dielectric has siill
reduced the input resistance of the antenna. Therefore, to completely eliminate the mismatch losS™®
the impedance of the balun or antenna must also be changed. Additionally, one can see from

Figure 4.20 that the tapering does not effect the frequency reduction which is also in agreement
with the simulated results presented earlier.
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Figure 4.18 Cross section and picture of the thickness tapers dielectric superstrate for the
6” square Archimedean spiral.
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o Figure 4.19 Measured return loss with (dash-dot line) and without (solid line) a TAPERED
superstrate (g, =30).
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Figure 4.20 Measured gain of a 6”x6” square slot spiral antenna with and without high . «-
dielectric superstrate loading (£,=30, thickness=0.5 inches).

4 4 4 Miniaturization Limitations of Simple Dielectric Loading

In sub section 3.3.1 it was shown that by sufficiently loading the fields near the spizai
antenna, one could approach the MF for the infinite half-space case. However, to obtain such a
MF, the loading configuration had to be significantly larger than the antenna making it
impractical. For a practical loading configuration where the width of the slab is equal to ‘he
diameter of the spiral it was shown that there was a limit to the amount of miniaturization cne
could achieve by increasing the thickness for a specific &;. Therefore, there is also a practical
limit to the thickness of the slab. Considering that the antenna must be as low profile and as light
weight as possible a thickness of 0.1, is reasonable choice.

The question now becomes whether is there a limit to the amount of miniaturization that
can be achieved by increasing &,? Figure 4.21 shows the behavior of the MF as a function ¢ &,
for two different cases (single-sided loading). The blue curve is for the infinite half-space case
and therefore represents the limiting MF that can be achieved using a given ;. This curve waSws «-

obtained from the theoretical relation between the MF and the effective dielectric constant which
is as follows
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The other curve was obtained by using the results shown in Figure 4.3 to obtain the data points in

" “Figure 421. These data points were then curve fitted to a function using the least squares (LS)
2pproach. This was done by fitting the data points to the theoretical half-space curve weighted by
sorme unknown coefficient. The LS method was then used to find the coefficient for the curve.
As it can be seen from Figure 421, the weighted curve fits the data points very well.

It is evident from Figure 4.21 that for the 0.1, thick dielectric slab a MF of 1.6 can be
achieved using an & =100. In addition, it is apparent that a further increase in the dielectric
corstant will only result in small improvements while severely reducing the impedance.
Therefore, there is always a tradeoff between size reduction and impedance reduction when only
die’zctric material is used to load an antenna. Furthermore, it can be concluded that for practical

single sided loading profiles MF of 1.4 to 1.67 are achievable.

=

— Tnfinite Half-Space Case, L=, t=w |-
o Finite Case, .= D,t=0.1a -

1A NS

MiniaturizationFactor, MF
“w

Higure 4.21 Miniaturization factor limitations as a function of dielectric constant for single-
sided loading (thickness = 0.1)5)

The same approach can be applied to the double-sided loading case and the results are

shown in Figure 4.22. In terms of reduction, about 7% more can be achieved as compared to the

single-sided loading at the expense of further reduction of the input resistance.
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Figure 4.22 Miniaturization factor limitations as a function of dielectric constant for
double-sided loading (thickness = 0.11,)

In summary, for simple slab loading profiles, the size reduction is limited only by
practical loading considerations such as width, profile (thickness), weight and so forth. For such
loading profiles it is possible to achieve reductions of 1.54 to 1.8 depending upon the dielec:iic
constant used and, therefore, the amount of iﬁipeéaﬁce reduction that is tolerable. This amoun: of
size reduction is not sufficient to achieve operation down to 30MHz within a 6” or 15” aperture.
To achieve operating down to 30 MHz using a 6” and 15” aperture would require miniaturizat:on
factors of 11.2 and 4.5 respectively. To realize such reductions we must at least investigate more
complex loading profiles and three dimensional antenna designs. These approaches and their

concepts are further outlined and discussed in chapter 7.
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Chapter 5

Antenna Miniaturization Using Reactive Loading

Conventional antenna miniaturization frequently implies dielectric loading. The idea is to
miriaturize the wavelength in the antenna structure, thus achieving resonance or movement of
the operation point to a lower frequency. Dielectric loading, however, introduces more effects
than mere wavelength-miniaturization. First, it modifies the wave impedance inside the antenna,
which in turn modifies the antenna impedance. The higher the dielectric constant used, the lower
the wave impedance becomes. To compensate this effect one has to either modify the antenna
gecmetry, or to use magnetic material as well. Due to the inhomogeneous nature of the magnetic
material and the difficulties associated with its machining, the use of magnetic material greatly
corzplicates the design and analysis. Magnetic material offers limited choices also.

Secondly, dielectric loading introduces an air-dielectric boundary that modifies the
rad:ation behavior. This effect is negligible as long as the electrical thickness is less than a
querter wavelength, but is a dominate factor once the thickness becomes electrically large.
Dielectric loading also adds volume and weight.

In this chapter, a novel alternative of antenna miniaturization approach utilizing artificial
trarsmission line (ATL) structure is investigated. The theoretical model and simulation
cheracterization of ATL will be presented. Also, the limit to which the model is valid will then
e identified. Subsequently, the artificial transmission line will be applied to antenna geometry

and its impact will be examined.

5.1 Artificial Transmission Line (ATL) Concept

For a lossless two-conductor transmission line that propagate in TEM mode, the

chzracteristic impedance and its wave velocity is described as




A

where G is geometry factor and Leg and Cesr are equivalent inductance and capacitance per it

length. To change the wave velocity or characteristic impedance one needs to adjust Legr OF Cesr
or both. As can be seen in the formula the material loading is one way to achieve this. However,
it should also be possible to change the circuit equivalent L and Cesr by using real circuit
elements. The proposed configuration consists of a normal transmission line with repetitive
portions replaced by the lumped elements. The geometry of a repetitive segment and a simple

weighting function formula predicting Lesr and Cegrare given below.

<< A
E Liump axL T- Ime +bx 2"g—’lump
Clr.mp —_ L%ﬁ( ~
T §-icsrm:: a + b
T-line C. ~ ax CT—!s‘sze +bx C!ttmp -
< > < ~
i ] & a+b

This length-based weighting function model assumes that the length of the repetitive
segment is short relative to the wavelength. Since both capacitors and inductors are used, it is
possible to individually change the characteristic impedance and wave velocity of the
transmission line. A set of simulations using HFSS was performed to demonstrate this idea. In

this simulator, the artificial transmission line was set up as shown in Figure 5.1.

shunt capacitors series inductors

18em &'ngcm g é
- ——

15 cm

Figure 5.1 Artificial transmission line (ATL) layout.
The capacitor and inductor values were chosen such that the wave velocity on the
transmission line is decreased while its characteristic impedance stays the same. Also, the length*® <~

ratio of the transmission line segment to the lumped element segment was 5:1 and the total
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repetitive segment length was 1.8 cm. This is about 12 % of the free space wavelength at 1 GHz.
Here we define the miniaturization factor, 1, as A/ A, where A is the free space wavelength and A
is the equivalent wavelength on the transmission line. Several cases resulting in a MF of 1.7 to
8.6 were designed and simulated. The phase difference between the two ends of the transmission

‘ine as a function of frequency is shown below.
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F’zure 5.2 Phase difference between the two ends of the ATL as a function of frequency.
The minijaturization of the equivalent wavelength can be clearly observed. It is interesting
0 note that the cases which have the highest miniaturization factor, 6.3 and 8.6 respectively,
der-onstrate distinctive nonlinear behavior in the plot. This is obviously due to the fact that the
squivalent wavelength at these cases is no longer much greater than the repetitive segment
‘enzth. For n=8.6 case at 0.5 GHz, the repetitive segment length is 52 % of the equivalent
_wavelength. At this situation, the breakdown of the weighting function model is understandable.
Wken the equivalent wavelength is comparable to the repetitive segment length, the proposed
structure behaves more like a 1-D crystal structure than a uniformed equivalent transmission line.
It is necessary to establish a band structure description to accurately explain the nonlinear
bekzvior,
To demonstrate the validity and the limit of the weighting function model, it is useful to

observe the detail field distribution on the artificial transmission line. A comparison between the

unt2ated case and 11=8.6 case is shown in Figure 5.3.
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Figure 5.3 ATL field distribution for the untreated transmission line and a treated
transmission line.

It can be observed from the first two sets of plot that the lumped elements, though
separately distributed, are able to modify the field distribution in an averaged way. Notice aiso
that the artificial transmission line is able to reproduce the field distribution of that of the
untreated case at a much lower frequency. Under this situation the equivalent wavelength is sali .
much larger than the repetitive segment length, and the weighting function model is valid. The
third set of plots demonstrates the breakdown of the weighting function model. Notice the field
variation in this case is very much dependant on the location of the lumped elements, wkare
sudden field variation can be observed. The breakdown of the simple weighting function mciel
doesn’t mean that the artificial transmission line ceases to propagate energy. It just means a more
detailed model is needed to describe its behavior.

The wave velocity of the artificial transmission line can be calculated from the

simulation data, and is shown in Figure 5 4.
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Figure 5.4 Achieved phase velocity of the artificial transmission line.
The slow wave phenomenon demonstrated above, if implemented by using dielectric
material, would result in substantial drop of the transmission line characteristic impedance.
* =Instead, the artificial transmission line proposed here is able to maintain a relatively stable

impadance value (see Figure 5.5).
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Figure 5.5 Transmission line characteristic impedance as a function of miniaturization.
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5.2 Application to Antennas

5.2.1 Narrowband Square Loop Antenna

In this section an artificial transmission line structure is applied to two antennas to
examine its miniaturization effect and radiation characteristics. The first antenna geometry
studied is a square transmission line loop. The size of the loop is designed for resonance at

1GHz. The geometry of the loop and the field distribution at resonance is shown below.

——
Feed

Figure 5.6 Treated square loop antenna (left) and its field distribution at resonance (rigit).
The transmission line structure without lumped element treatment has a characteristic impedasce
of 300Q and our intent is to maintain this impedance by using the appropriate combination of L
and C along the line. One untreated case and two treated cases were simulated and broadside

realized gain was calculated and is shown in Figure 5.7.

e
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Figure 5.7 Simulated broadside gain for the loaded square loop antenna.
It is apparent from Figure 5.7 that the resonance frequency shifts according to design. However,

at the same time, the bandwidth is reduced which is expected for the single mode, resonant type

-~ e»smzll antenna since the bandwidth for resonant antennas is inversely proportional to the LC .

The shifting of the resonant frequency and the change in bandwidth is clearly observed in the
impedance plot shown in Figure 5.8.

2350
1000~ Unioaded o
.~ . o
G:. E— o e s n e e e we? 72
FOO0 oo mmsibie r e s s s ks s e o e s . [ ——
9‘2‘3 400 500 600 0 MiHz 800 S0 1092 1120 1290
jLAGTIR B T
: f— reat :
! f. {eene ymiag
50008 L=2.25 nH. C=0.072 pF \ ! e T
o ! L 3 )
TTEGy T M‘M%:fl. e T 700 1Hz 800 Ele) 10'00 16 Tz

i ~eeae driag
L=8.5 nH. C=0 144 pF I
-
Iy SO i i S— N -
300 A00 560 Eley) 00 $80 aas 1002 1100 1205

Figure 5.8 Simulated input impedance for the loaded square loop antenna.
s=# ewane dramatic increase in the real part of the impedance for the miniaturized antennas can be

attr’buted to the electrically small radiation aperture. Also the conductor used in the simulation is




assumed to be perfectly conducting (PEC). The choice of using PEC in the simulation is made to
emphasize the mechanism we want to observe. For finite conductivities (as in the practical case;

the efficiency loss due to conductor losses must also be considered.

5.2.2 Broadband Spiral Antenna

To demonstrate the miniaturization of a broadband antenna using LC loading a spiral
antenna is also implemented and simulated. The two arm Archimedean spiral was terminzted
with a single resistor that matched the transmission line characteristic impedance. For the
artificial transmission line segment, the repetitive segment length is 9mm of which 8mm 1s
ordinary transmission line and 1mm is occupied by the lumped elements. The lumped elemexnts
were chosen to miniaturize the wavelength without changing the characteristic impedance. The™® * -

antenna geometry and the electric field distribution at 1 GHz are demonstrated in Figure 5.9.

Untreated Treated

s5em '@ ,,,,, ) E

-
-

Figure 5.9 Untreated and treated Archimedean spiral and a sample field distribution at 1
GHz.

The realized broadside gain for the two antennas are compared and shown in Figure 5.10. .
The shifting of the gain curve towards lower frequencies is observed. It is interesting to ncie,
however, that the percentage of frequency shifting in the gain curve does not follow ihe
percentage of wavelength miniaturization. The wavelength on the treated spiral antenna is about
30% of the untreated case, implying a 70% shift in wavelength. However, the gain frequerncy
shift is only about 17% which is four times smaller than the wavelength reduction. We suspzct

this is due to the fact that while the application of artificial transmission line may miniaturize :he
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wavelength of the guided wave within the geometry, the antenna eventually has to radiate into
free space. Since the 3-D reactive region of the spiral antenna cannot be comprehensively treated
. ﬂ,,with mere lumped element loading, which is basically a 2-D treatment, the resulting
| zhir..iaturization is limited. A similar observation can be made in chapter 3 when the spiral is
tozced with thin dielectric slabs. To a degree, our studies on miniaturization either by dielectric
loaing or reactive L/C loading allows us to conclude that wavelength miniaturization can be
effectively achieved and predicted. However, this wavelength reduction does not translate to a
corresponding shift of the gain curve towards lower frequencies. It is our belief that this is due to
*he 3D nature of the radiated fields around the antenna. Therefore, the 2D miniaturization leads
to only partial antenna miniaturization. In the final chapter, we will discuss how we can translate

more of the wavelength reduction to antenna miniaturization.
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Jigare 5.10 Simulated realized gain for the untreated (blue) and treated (red) Archimedean
spiral.
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Chapter 6

Formal Design Optimization Efforts

6.1 Materials design for improvements in matchii g

and miniaturizations

6.1.1 Motivation

The design challenge is to miniaturize an antenna and still retain its bandwidth with a
satisfactory gain performance. Formal design optimization procedures present a high-2isk
approach to achieve this and for a demonstration we will do this for a SATCOM antenna.

It is well known that use of composite materials provides for greater potentia: in
designing new electromagnetic/RF devices. Therefore, instead of the more traditional approaciies
to concentrate only on the shape or geometry of the antenna via reactive loading, parasitic
coupling and etching, here we focus on both the material substrate/superstrate of the antenna
using high-contrast LTCC material and the geometry of an initial random antenna. Our previcus
studies on metamaterials indicate that properly designed dielectrics or a combination of different
materials can lead to designs which have greater bandwidth and small size [8]. Nevertheless, the=s «n
focus so far has been on narrowband antennas. Here, our goal is to deliver the optimal SATCCM
performance in terms of size, gain and impedance matching by optimizing the metamaterial
profile of the broadband antenna as well as the shape of the antenna.

The design methods for these devices mainly focus on optimizing the shape and size of
the antenna structure rather than its topology and material composition or possibly bcth.
However, a volumetric design of the material composition allows for a greater design possibilty.
To take full advantage of volumetric variations optimization schemes are used to simultaneously

select the best geometric and topological configuration while taking into consideration ihe
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gecmetry and physical dimensions as well as material composition. Such methods are known as
topology optimizations and they are capable of producing novel designs that lead to significant
improvements in a device’s performance. In terms of the design optimization/solution technique
bot™: heuristic and deterministic techniques are used simultaneously to effectively retain inherent
adventages of both methods and arrive at a versatile, efficient design methodology which will

lead to globally optimum novel designs.
6.1.2 Hybrid Design Optimization Approach

6.1.2.1 Background

In any automated optimum design approach (AOD) the goal is to identify in some
automatic process the device structure subject to some prescribed performance. Among existing
design methods are size, shape and topology optimization. When compared with more
cor.ventional size and shape optimization, where the topology of the device is assumed a priori
snd remains fixed, topology optimization offers much more degrees of freedom. Consequently, it
is reasonable to expect that designs resulting from topology optimization have novel
corfigurations with much higher performance.

As is well known, the solution of design optimization problems is done iteratively.
His:orically, these iterations were carried out by cut and try operations taking months for each
iterztion or test. That is, the design process relied on experience and intuition and was
impractical. Today, modern optimization theory offers a great variety of automated techniques
for solving optimization problems in EM. These can be generally categorized in deterministic
and stochastic techniques. Deterministic techniques (e.g. Simplex, Rosenbrock, gradient, quasi-
Newton, Newton-Raphson, Sequential Quadratic Programming, Lagrangian Multipliers) seek the
mirimum point based on the information given by the negative of the gradient (sensitivity) of the
objzctive function. Challenges in their implementation are the requirement to evaluate the

- gradient of the objective function and issues relating to the algorithm convergence to a global

optimum. In contrast, gradient based techniques are mathematically well-behaved and do not

involve heuristics which leads to a more efficient solution.




With regard to gradient-free (stochastic methods) optimizers, their utilization has bzen
quite substantial over the 1990’s. Popular techniques in this category are simulated annea’ng
(SA) and genetic algorithms (GAs) [9]. For the past several decades, gradient-free methods (2
class of optimization methods which do not use derivative information but instead rely only or
function values) have been introduced to search for giobal optima. Gradient-free methods {lﬁ]f“ -
or direct-search methods, are generally robust and particularly effective for problems with 2
small number of design variables, but typically require fast objective function evaluations for
their practical implementation. They are largely independent of the initial design and solution
domain. Therefore, global optima are more likely to be found. As can be understood, the
gradient-free methods work very well when many local optima exist, whereas gradient-bzsed
methods [11, 12] break down in these cases. On the other hand, gradient-free methods are
generally slow and require a large number of objective function evaluations to achieve
convergence. Hence, they have limited use in problems involving complicated electromagnstic
structures where traditional numerical simulations must be used for the objective function
computation.

A hybrid optimization technique combining deterministic and heuristic techniques couid
possibly combine the advantages of both methods and allow for the efficient design of 3D mu:ti-
objective designs such as the design of a miniaturized broadband SATCOM antenna with
satisfactory gain performance. Therefore, we propose a 2 step design approach based on ke _
combination of a GA and the Density Method to be solved via the SLP. This method is targe‘ed
to remove limitations on the geometry and material of the structure to be designed and to arrive
at globally optimum novel designs with arbitrary topology and material composition.

Below, we begin by briefly discussing the design methodology and its solution technigue
via their integration with the FEMA-BRICK solver [13]. We then proceed to present the res s
of our initial effort to use it to design a 6” antenna with 230-330 MHz bandwidth antenna from

scratch.

6.1.2.2 Proposed Approach

The design methodology is based on a two step design algorithm. The initial design siep
aims to optimize the metallization of the antenna structure subject to prescribed antenna size znd

material composition. For the solution of the standard optimization approach we will use the
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on/off approach via Genetic Algorithms to locate an initial metallization of the antenna subject to
given constraints. The second major step focuses on improving the antenna performance by

optimizing the volumetric material composition using a topology optimization methodology. The

design flowchart is provided in Figure 6.1.
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Figure 6.1 Proposed hybrid two step design optimization approach.

For the material design part we will employ the Solid Isotropic Material with
Peralization (SIMP) technique [14]. Unlike conventional design methods, SIMP is a topology
cesign method that draws from a broader class of design solutions. Through a simple continuous
matzrial model, geometrical and material configurations are effectively designed from ‘scratch’.
The continuous model allows for a design problem formulation in a non-linear optimization
framework using the Finite Element-Boundary Integral method as the computational engine.
Sequential Linear Programming (SLP) is then used to solve the optimization problem with

sensitivity analysis based on the adjoint variable method for complex variables [8]. The proposed

‘design method allows for inhomogeneous material modeling and design to increase the

sardwidth of a fixed size antenna by using a high-contrast LTCC superstrate. It is important to

note that the initial design of the second design step corresponds to the optimization result of the




first design step shown in Figure 6.1. This global hybrid design optimization method will al.ow
for multi-objective large scale design problems to arrive at globally optimum designs. There are

several different modules involved in the proposed design.

6.1.2.3 Metallization Design via Genetic Algorithms (GA4)

GAs are robust, stochastic-based search methods modeled on the concepts of natizal
selection and evolution, and their underlying process has already been discussed [15, 16]. Thzre
are two basic types of operators for GAs. The crossover operator swaps parts of two solutions to
generate two new solutions, and the mutation operator randomly changes a small percentage of
bits in chromosomes, from 1 to 0 or vice versa. The flowchart for a GA process is showr. in
Figure 6.2. In the beginning, a desired performance is described and formulated as a fit: =ss
function f(x) to be minimized by the GA optimizer, where X is a vector of design variables (s.g.
yes or no metallization of each pixel in the design domain, yes or no on the use of availzole
dielectric at certain locations, etc.). If the optimization model contains constraints, they car be
included as penalties in the fitness function or encoded directly into the solution strings. Several
initial designs coded into binary strings are produced for the first generation either by the user or
randomly. For each design, the fitness values are computed using the FEMA-BRICK solver and
rated. Good solutions survive and have off-springs, while bad solutions are discontinued. Pairs of
good solutions are selected using certain strategies to perform crossover. Mutation is usuaily
allowed with a very small probability to flip some bits from O to 1 in the binary string and vice
versa, thus providing a way to introduce new designs. This process is repeated until the
termination criteria are met. Then the optimal binary string is decoded back into the
corresponding design. In GA, local optima are avoided by hyperplane sampling in the Hamming

space (i.e., crossovers) plus random perturbations (i.e, mutations).
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Figure 6.2 General optimization process using GA and FEM solver.

6.1.2.4 Volumetric material design via SIMP and SLP

The essence of SIMP is that it basically assumes some explicit relationship between the
so-called normalized density p and the actual material property, here the dielectric permittivity
¢=es¢r. The approach has the advantage that a material property is interpolated/graded using a
cmooth continuous function, which only depends on the material density and almost all possible
topologies can be designed within the resolution of the finite element discretization. A suitable

interpolation of the dielectric permittivity would be:

p= (gint alr)/( orzg atr)l/n (1)




where & and &y are the intermediate and available original (relative) dieleciric
permittivities of the solid, respectively. The power 1/n is an empirical penalization power sma’iet
than 1/2 for convergence purposes. An important aspect is that this parameterization allows for
the formulation of the problem in a general non-linear optimization framework. The goal is to
arrive at the optimum distribution of material (densities) such that a specific performance merit
of a device is optimized subject to certain design constraints. For this purpose, the design volume
is divided into design cells/finite elements to introduce a full volumetric design space. The
material property of each design cell is controlled simultaneously in each iteration step and
updated by following a mathematical algorithm to reach a final design. From this viewpoint, a
device is represented by material properties at every point in space via a single density variable.

A suitable optimization model for the SATCOM antenna corresponds to the minimization

of the objective function:

i * 2
flp)= M{max(]sﬁl j.)] j=1.N,, @
subject to a material volume constraint:
NFE
AT ©)

=1
and side constraints (0/1) for each density variable. Minimization of the highest return ioss
among sampled frequency points Nirq is known to maximize the return loss (S11) bandwidth and
the volume constraint basically limits the available amount of material. The design problem is
easily recognized as a general non-linear optimization problem with usually several thousand
variables/FEs. This makes the use of gradient-based optimization techniques a must for ihe
optimization process. Due to its well-known efficiency and reliability, we specifically chose e
Sequential Linear Programming (SLP) method employing the DSPLP package in the SLAT:=C
library [17]. The essence of the SLP routine is to replace the objective function and constraints
by their linear approximations at each iteration. Updates of the design variables are pursued tru
the use of gradient information obtained via the adjoint variable method [18], an efficient metzod
that permits full interface with the FEMA-BRICK electromagnetic solver. We remark that this is
an exact analysis based on the solution of the adjoint problem. The sensitivity analysis is a
crucial part of the design loop since it allows the integration of the solver with the SLF
optimizer. Details on the sensitivity analysis are given in [8] for the return loss and are derived

and implemented similarly for the gain measure.
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6.1.3 Initial Design Efforts

In this section, we present our initial efforts for the design of a 6” SATCOM antenna to
satisfy the 230-330MHz bandwidth requirement from scratch. The initially chosen antenna
structure is shown in Figure 6.3. It corresponds to a horizontally fed strip antenna buried within a
e thick cavity backed antenna. The design region corresponds to the discretized metallization
iayer initially composed of that horizontally fed strip conductor sandwiched between £=37
dielzctrics each of 1cm thickness. The cavity below the dielectric is 3cm thick. The optimization
will seek for the metallization distribution that will improve the bandwidth performance of the
nitially random antenna structure that happens to have no resonance within the desired
frecuency band. Following the algorithm for the 1% design step described above and updating the
metzallization pattern via a micro-GA, the design resulted in a double resonance return loss

behavior as shown in Figure 6.4. Convergence to the metallization pattern shown in Figure 6.4

- Where a conducting element is denoted with a red cell was achieved in 174 generations for a

population of 5 individuals and a frequency range (230 MHz-330MHz) sampled with 51
frecuency points. Obviously the corresponding return loss behavior does not satisfy the
SATCOM antenna requirements but represents a significant improvement over the chosen initial
des’zn.

As described earlier, the subsequent design step will be to tune the antenna performance
+with the resulting metallization pattern as the initial design as shown in Figure 6.5. That is, for
the second design step the metallization pattern and size of the structure will remain fixed and
the resulting metallization will be fed into the subsequent design algorithm to search for the
optimum material distribution to improve the bandwidth performance. By updating the material
design cells via the SIMP model and the SLP routine as discussed earlier, the design arrived at a
-4d3 flat return loss response in only 19 iterations. The initial and resulting optimized return loss
sehaviors are compared as shown in Figure 6.6. It is important to note that the variables of the
des’gn problem are the dielectric constants of each finite brick element and the optimized
ma‘zrial distribution corresponds to the material variation of different layers above and below the
metallization pattern. This material distribution is a high-contrast volumetric material composite
corzposed of 3 layers each of lcm thickness as shown in Figure 6.7. At this point we did not
pursue the fabrication of this layer high-contrast composite since we need to improve the return

loss response even further and possible push down the -4dB level to -10dB.
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Figure 6.3 Initial antenna structure of 1* design step: Horizontally fed strip antenna wi'h
fixed cavity size and material composition. Design variables correspond to on/off (1/0)
conductor metallization pattern.
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Figure 6.4 Resulting metallization pattern of 1 design step via micro-Genetic algorithm
and corresponding return loss behavior.
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Figure 6.5 Initial antenna structure of 2™ design step: Horizontally fed metallization
pattern with fixed cavity size and air cavity. Design variables correspond to volumetric
cell’s ¢ values within superstrate and substrate.
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Figure 6.6 Initial and optimized return loss performance of 2" design step of material
optimization via Density Method and SLP.




Optimum material distribution across each layer
via Density Method and integrated smoothing & filtering algorithm

15¢cm 15 e

- 4
\ 4

15cm T 15cm

Substrate Superstrate 1 Superstrate 2

£= 100 . £=1

Figure 6.7 Resulting material composition of 2" design step via Density Method and SL?
across each layer of superstrate and substrate region.

6.1.4 Current and Future Work
Having confidence in the design methodology and promising initial trials we are
currently exploring ways to tune the sandwich design with high contrast ceramics to improve the

bandwidth response. Possible areas for improvement are:

e Feeding mechanism: A probe or microstrip aperture coupling presents additicaal
advantages and will be explored.

e Multi-layer conductors: Increasing the number of conducting layers will allow to
induce parasitic coupling. Parasitic coupling with proper feeding and mate:ial
loading offers advantages over single layer metallization to increase the ™
bandwidth behavior further.

e Multi-layer high-contrast material variation: Increasing the number of layers
within the volumetric cavity of the antenna will increase the design degrees of
freedom and possibly increase the bandwidth performance. Naturally, there is a2
tradeoff between increased CPU requirements and fabrication challenges vs.

increased design freedom to achieve better bandwidth response.
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e Different material constituents: Different material combinations are available for
our use as high temperature cofiring ceramic powders and may be used to satisfy
the SATCOM requirements. Actually, more than only 2 shades of material may
achieve a smoother transition at the material and layer interfaces and may result in
an improved antenna performance.

» Design Methodology: Mix-match of design methodologies such as metallization
design via density method and material design via GA might improve the

performance of the antenna at the expense of higher CPU and convergence issues.

It is also noted that above listed efforts will result in a different design optimization
prodlem than in our initial efforts and present the potential of changing the results drastically.
“his change is anticipated due to an altered design region and corresponding different design

. f”yaﬁables. Our future work plan is based on implementing the gain measure to the optimization
moZel and redesigning the final “best” design subject to both the bandwidth and gain criteria.
“mportant in this process will be the integration of the already developed gain sensitivity module
intc a design problem with generalized permittivity values accounting for imaginary lossy parts.
Ancther aspect will be the implementation of advanced solution techniques (parallel processing
of hybrid techniques and advanced material models) to improve the convergence and CPU

requirements for a much larger scale problem. An improved feed model which captures the

cur-znt variation in a high epsilon thick substrate is another important future topic.




Chapter 7

Future Work

In chapter 4 it was shown that for practical loading configurations only a 35-4<% ~ *
reduction is possible from simple loading profiles. To achieve reductions greater than 50 % more
complex material loading profiles and/or a 3D antenna design is needed to more effectively lcad
the antenna fields. These approaches are outlined in section 7.1 with each sub section focusing
on a particular approach.

In addition to improving the miniaturization it is also important to improve the efficie::cy
of the spiral by exploring the possibilities of a loss-less termination. Future plans for such a

termination method are also discussed in section 7.2.
7.1 Concepts for Improved Miniaturization

7.1.1 Shaped Dielectric Layers for Planar Spiral

To achieve reductions greater than 50% using practical loading configurations, the
antenna fields must be confined closer to the antenna so that they can be loaded more effectively.
Figure 7.1 shows what the typical field lines may look like (left) for the planar spiral and what
the desired field lines should look like (right) for better miniaturization. It is evident from m;» )
figure that the field lines on the right are confined closer to the spiral and would therefore be
easier to load using a slab of reasonable thickness. A possible tactic to confine the fields close: to
the spiral would be to use shaped dielectric layers with varying €. to control the fields as shc vn
in Figure 7.2. The idea is to use the material shape and varying dielectric constant to force e
expanding spherical wave to become more elliptical. However, such a design would oe
complicated since it will involve determining the proper dielectric constants of each layer, the

layer thickness and its shape. Fabricating the dielectric layers would also be another issue.
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Figure 7.2 Material profile concept for improved miniaturization.

7.1.2 Three-Dimensional Spiral Antenna Design

We know that more effective loading of the near zone fields will result in greater size
reduction. The issue with the planar spiral is that at low frequencies the fields extend outside the
diameter of the spiral making it difficult to load in a practical manner. If the planar structure is
the reason for this, then one way to better load the near fields is to make the spiral non-planar.
The concept is to alter the planar spiral shape such that low frequency fields can be confined
“loser to the antenna aperture without negatively impacting the performance. Thus, they can be
loz’ed more efficiently using practical loading configurations. This concept is illustrated in
Figzre 7.3 and shows how the fields around the antenna are now more closely confined in the

corcave portion of the geometry. The extent to which the 3D design can confine the low

frecuency components with this volume of space is unknown at this time. Furthermore, the 3D

design may affect the performance of the spiral in yet a unknown manner.
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Figure 7.3 Illustration of the 3D spiral design concept for improved miniaturization.

7.2 Concept for Improved Arm Termination

For the spiral antenna, a decrease in the phase velocity is always associated with a
decrease in the attenuation of the traveling wave through the 1A region. Since material loacing
reduces the phase velocity, there is also a corresponding reduction in this attenuation. Thereicre,
more energy is bound to the spiral and will eventually reach the termination or may radiate from
higher order regions (3%, 5A, etc.). It is therefore understood that if the arm is terminated using
resistors then there may be a significant reduction in antenna efficiency. If the arm is not
terminated, then the antenna efficiency will improve but the reflections from the end of the arm
will travel back to the feed region and cause oscillations in the input impedance and higher crcss-
polarization. Therefore, a lossless termination method is an ideal solution since it will prevent

reflections while, at the same time, maintain antenna efficiency. One possible way to implemsnt

this lossless termination is to modify the antenna such that the current essentially circulatesa «

throughout the antenna structure without reflecting.

The idea is to allow the current to pass through the 1A region as many times as possiie
and each time through it will be attenuated more and more. The challenge to accomplishing i
is to do it in a way that the current is always entering the 1A region in the same direction. Thus,
cross-polarization issues are negated.

One approach is to use two stacked spirals with one of the spirals being a mirror image of
the other so that their combined radiation does not cancel one another when placed in the stacked

configuration. One of the spirals (A) will be fed in the usual manner. The other spiral B wili be
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fed by connecting the ends of spiral A to the ends of the arms of spiral B. Spiral B will then be
cornected to the feed region of spiral A through a pair of diodes which will force the current to

~ «flow in only one direction throughout the structure. That is the current will flow outwards from
the feed region of spiral A to the connection point of the stacked spirals. The current will then
flow inwards on spiral B (which is wound with the opposite sense of A) to its center where it will
oass through the diodes and re-enter spiral A. This creates a circulating structure on which the
current can flow and be attenuated by radiation and ohmic loss each time it passes through the 1)
region of spiral A or B. This structure is illustrated in Figure 7.4 where the red spiral corresponds
:0 spiral A and the blue spiral to spiral B.

Top View:

Skewed View:

Spiral A
4 (top)

% Spiral B
(bottom)

Figure 7.4 Illustration of the stacked Archimedean spiral concept for improved
termination.
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